Integrin-linked kinase (ILK) was assesed as a therapeutic target in glioblastoma xenograft models through multiple endpoints including treatment related changes in the tumor microenvironment. Glioblastoma cell lines were tested in vitro for sensitivity toward the small-molecule inhibitors QLT0254 and QLT0267. Cell viability, cell cycle, and apoptosis were evaluated using MTT assay, flow cytometry, caspase activation, and DAPI staining. Western blotting and ELISA were used for protein analysis (ILK, PKB/Akt, VEGF, and HIF-1A). In vivo assessment of growth rate, cell proliferation, BrdUrd, blood vessel mass (CD31 labeling), vessel perfusion (Hoechst 33342), and hypoxia (EF-5) was done using U87MG glioblastoma xenografts in RAG2-M mice treated orally with QLT0267 (200 mg/kg q.d.). ILK inhibition in vitro with QLT0254 and QLT0267 resulted in decreased levels of phospho-PKB/Akt (Ser 473 ), secreted VEGF, G 2 -M block, and apoptosis induction. Mice treated with QLT0267 exhibited significant delays in tumor growth (treated 213 mm 3 versus control 549 mm 3 ). In situ analysis of U87MG tumor cell proliferation from QLT0267-treated mice was significantly lower relative to untreated mice. Importantly, VEGF and HIF-1A expression decreased in QLT0267-treated tumors as did the percentage of blood vessel mass and numbers of Hoechst 33342 perfused tumor vessels compared with control tumors (35% versus 83%). ILK inhibition with novel small-molecule inhibitors leads to treatment-associated delays in tumor growth, decreased tumor angiogenesis, and functionality of tumor vasculature. The therapeutic effects of a selected ILK inhibitor (QLT0267) should be determined in the clinic in cancers that exhibit dysregulated ILK, such as PTEN-null glioblastomas.
Introduction
Mutations in genes that encode selected receptor and intracellular kinases appear to be essential for cancer progression and metastasis (1) . This knowledge has led to an evolution in anticancer drug design from nonspecific cytotoxic agents to highly selective ones, targeting molecules/proteins that are critical to cancer cell proliferation, survival, and/or metastasis (2) . Targets that affect cell growth, proliferation, and apoptotic pathways are certainly important, but direct effects on the cancer cell often do not take into account how therapy influences the tumor microenvironment. The tumor microenvironment is represented by a collage of attributes encompassing variations in pH and blood vessel density as well as hypoxic and perfused regions (3) . This, in addition to the mixed tumor cell and host cell populations that typify tumor heterogeneity, makes it easy to understand why cancer has been so difficult to treat effectively. For example, hypoxia-inducible factor-1a (HIF-1a) and vascular endothelial growth factor (VEGF) are key factors known to affect the tumor microenvironment and can be induced in response to hypoxia that in turn can lead to angiogenesis (4 -6) . Thus, an environmental crisis triggered by hypoxia can be mitigated by cellular pathways designed to promote angiogenesis. The tumor microenvironment allows the cancerous process to progress (promoting cell survival and adaptation), enhances the likelihood of metastatic spread (due to prostimulatory angiogenic factors), and creates conditions that foster development of resistance to traditional chemotherapeutic treatment (7 -9) .
Many approaches to targeting the tumor microenvironment have been pursued (10 -12) ; however, here we propose an alternative approach that considers central pathways within cells that lead to multiple effects, including inhibition of tumor cell proliferation, induction of apoptosis, and inhibition of VEGF secretion. Integrin-linked kinase (ILK) exemplifies a target that is capable of producing these pleiotropic effects. ILK increases VEGF expression by stimulating HIF-1a via a phosphatidylinositol 3 ¶-kinase (PI3K) -dependent activation of protein kinase B (PKB)/ Akt (13) . ILK has also been shown to promote cell growth (14) and cell cycle progression (15) and to inhibit apoptosis (16) . Previously, we and others have shown the regulatory role of ILK in glioblastoma progression (17 -20) . We show that targeting ILK with small-molecule QLT0267 resulted in decreased VEGF and HIF-1a expression, effects that were associated with decreased hypoxia, decreases in tumor vascular mass, and decreases in functional vasculature.
Materials and Methods
Cell Culture and Reagents Three human glioblastoma cancer cell lines were used in this study: the PTEN-positive SF-188 and the PTENnegative U87MG and U251MG. Cells were cultured in DMEM containing 10% fetal bovine serum with 1% L-glutamine and 1% penicillin/streptomycin at 37jC in a humidified atmosphere containing 5% CO 2 . For all experiments, cells were used in exponential growth phase.
Retroviral constructs with an inducible PTEN promoter (U87.23) were generously provided by Dr. Michael Wigler and were maintained with hygromycin selection at 50 Ag/mL. Muristerone A (Invitrogen) was reconstituted in 100% ethanol before adding to cells for induction of PTEN. Cells were harvested 24 to 48 h following induction.
ILK inhibitors QLT0254 and QLT0267 were provided by QLT. Both inhibitors have been shown to be selective relative to other kinases (21 -23) in cell-free recombinant kinase assays. QLT0267 has also been tested for selectivity versus PI3Ks in a cell-free recombinant kinase assay at 2 Amol/L and was found to inhibit PI3Kh activity by 9%, PI3Kg by 23%, and PI3Ky by 15%. The IC 50 for inhibition of ILK by QLT0267 was f26 nmol/L and the IC 50 for QLT0254 was 300 nmol/L in a cell-free assay (QLT; data on file). These are low molecular weight (<500) compounds that are administered in an oral dosage form. The parent structure of the pharmacophor used to prepare QLT0254 and QLT0267 is provided in Fig. 1A . ILK antisense designated here as "ILKAS" and transfection procedures have been previously described (17) .
Cytotoxicity Assay Growth inhibition of U87MG, U251MG, and SF-188 cells following exposure to ILK inhibitors was determined by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide MTT assay. In brief, cells were plated at 10,000 per well in 96-well plates and allowed to adhere overnight before exposure to the ILK inhibitor QLT0254 or QLT0267 and then incubated for 24 or 48 h at 37jC. MTT was added to cells, and after 3-h incubation at 37jC, the purple formazan precipitate was solubilized in DMSO. Absorbance (562 nm) was determined in a microtiter plate reader (Dynex Technologies). The percentage of growth inhibition was calculated as an absorbance ratio of wells containing treated cells to untreated controls Â 100%. All assays were done in triplicate. IC 50 s for QLT0254 or QLT0267 were analyzed using the CalcuSyn software program (Biosoft; ref. 24) .
Cell Cycle Analysis Cells were cultured with or without drug treatment for 24 h and subsequently analyzed. Controls included untreated cells or cells treated with the vehicle control PTE cells [PEG 300 /ethanol/Tween 80/citrate (63:29:7.8:0.2, w/v/w/w)]. Cells were harvested, fixed with cold 70% ethanol, and stored overnight at À20jC followed by staining with propidium iodide staining buffer (1 mg/mL RNase A, 0.1% Triton X-100, 50 Ag/mL propidium iodide in PBS).
Stained samples were analyzed by flow cytometry with a FACSCalibur (Becton Dickinson) or with WinMDI 2.9 Freeware to determine cell cycle distribution. The percentage of cells in each cell cycle phase was calculated relative to total cells in G 1 -G 0 , S, and G 2 -M after prior exclusion of pre-G 1 -G 0 events.
Caspase Induction Assay For detecting the caspase activation, a Promega apoptosis kit was used according to the manufacturer's instructions. Briefly, a caspase-3/7 substrate bis-(N-ZBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide) that has been tagged with the fluorescent protein rhodamine-110, was added to glioblastoma cells treated with either QLT0254 or QLT0267 for 72 h. Untreated cells were included as controls. Cleavage of the caspase-3/7 substrate due to endogenous glioblastoma caspase activity results in high fluorescence intensity by rhodamine (excitation, 499 nm). The fluorescence activity of rhodamine is proportional to the amount of caspase-3/7 cleavage and was measured with a FluoStar/PolarStar Optima microplate reader (BMG Lab Technologies).
Nuclear Morphology Untreated and treated cells were incubated for 72 h in medium at 37jC without additional drug treatment. Cells were then harvested and stained with 0.1 Ag/mL 4 ¶,6-diamidino-2-phenylindole (DAPI) for 30 min.
Cells were cytospun onto a glass slide, mounted in 90% glycerol, and viewed under UV light with a Leica DMLB microscope equipped with a Â40 objective lens. Images were captured using Retiga 1300i CCD digital camera and Improvision software.
ELISA Assay of VEGF Levels U87MG glioblastoma cells transfected with a retroviral construct with a PTEN-inducible promoter (U87.23) were seeded into 100-mm dishes at a density of 2 Â 10 6 per dish and incubated in regular medium overnight then placed in serum-free medium for 24 h. Twenty-four hours later, U87.23 cells were left untreated, treated with muristerone A to induce PTEN, and/or treated with LY294002, QLT0254, or QLT0267. Following 24-h incubation, the conditioned medium was removed and stored at À70jC until VEGF concentration could be determined by ELISA (R&D Systems). U87MG glioblastoma xenograft tumors were homogenized using a mortar and pestle in NP-40 lysis buffer containing complete-mini protease inhibitor cocktail tablet (Roche) and the tumor lysates removed and stored at À70jC until subsequent determination of VEGF concentration as above.
Western Blot Analysis
The following antibodies were used in this study: antiphospho-Akt-Ser 473 , anti-ILK, anti-Akt (New England Biolabs); anti-human h-actin (Sigma) anti-HA (Roche), anti-HIF-1a (Santa Cruz Biotechnology), and anti-VEGF (Calbiochem).
The secondary antibody used was horseradish-conjugated anti-mouse or anti-rabbit IgG (Promega). Equivalent amounts of protein (30 Ag determined by Bradford assay) were resolved by 4% to 15% gradient SDS-polyacrylamide premade gels (Bio-Rad). Proteins were detected by enhanced chemiluminescence (Amersham Pharmacia Biotech) and visualized after exposure to Kodak autoradiography film. Actin was used as a loading control. Densitometric analysis was done using Quantity one (Bio-Rad Laboratories Ltd.).
Animal Xenograft Models and Antitumor Activity of ILK Inhibitors
Male 129S6/SvEvTac-Rag2 tm1Fwa (RAG2-M) mice (7-9 weeks old, 20-27 g) were housed in aseptic environments within the BC Cancer Agency Joint Animal Facility. Efficacy experiments were conducted in mice bearing U87MG tumors (9 or 18 mice per group). Note that the group containing 18 mice was designated as harvesting group, and mice were sacrificed and tumor tissue taken for various analyses (that is, Western blot, immunohistochemistry, and ELISA) at defined time points (that is, day 16). Groups were designed to contain 9 mice for each treatment arm assessing tumor growth. Mice that survived to day 18 were included in the study. Mice were removed from the study if tumors ulcerated or when rapid tumor progression resulted in tumor sizes in excess of 1 g before completion of the treatment course.
The tumor growth results presented are thus based on 6 animals per group in the saline and QLT0267 groups and 7 animals for the PTE vehicle group. Therefore, 6 of 9 mice survived to day 18 in saline-treated and QLT0267-treated mice. One tumor from PTE vehicle-treated, saline-treated, and QLT0267-treated tumor were removed due to rapid tumor progression. Two tumors from QLT0267 were removed due to tumor ulceration.
One tumor from PTE vehicle was removed due to tumor ulceration. Two tumors from saline-treated tumors were removed due to tumor ulceration. Treatment was initiated when tumors reached at least 5 mm Tumors were disaggregated using a BD Medimachine system (BD Biosciences) and stained with an anti-EF-5 antibody and Cy3 secondary antibody, and flow cytometry was used to visualize and quantify hypoxic tumor cells compared with nonhypoxic tumor cells.
Tumor Vessel Perfusion (Hoechst 33342) and Immunohistochemistry Staining of Tumor Sections for CD31, Bromodeoxyuridine, and EF-5 Labeling About 3 h before tumor excision, RAG2-M mice were injected with EF-5 as described previously. Hoechst 33342 (100 AL, 16 mg/mL; Sigma-Aldrich) in PBS was injected i.v. 20 min before tumor harvest. Serial tumor cryosections (10 Am thick) were cut with a Cryostar HM560 (Microm International GmbH), air dried for 24 h, then fixed in a 1:1 mixture of acetone-methanol for 10 min at room temperature, and blocked with 3% H 2 O 2 . Vasculature was stained using CD31 antibody (1:100 dilution; BD PharMingen) and Alexa 546 goat anti-rat secondary antibody (1:50 dilution; Molecular Probes). Some tumor sections were fixed with ice-cold acetone for 5 min, air-dried, and stained with ELK3-51-CY3 antibody to detect EF-5 adducts according to procedures described elsewhere (25) . Slides then were mounted with PBS and imaged (see Image Acquisition). Note that separate sections were used for EF-5 staining in contrast to the same sections used for CD31 and Hoechst 33342 staining.
About 2 h before tumor harvesting, mice were injected i.p. with 30 mg/mL solution of bromodeoxyuridine (BrdUrd; Sigma). After imaging for Hoechst and CD31, slides were rinsed in PBS, placed in distilled water for 10 min, and treated with 2 mol/L HCl at room temperature for 1 h followed by neutralization for 5 min in 0.1 mol/L sodium borate. Slides were washed in distilled water and transferred to a PBS bath. Subsequent steps were each followed by a 5-min wash in PBS. Incorporated BrdUrd was detected using a monoclonal mouse antiBrdUrd antibody (1:200 dilution, clone BU33; Sigma) followed by an anti-mouse peroxidase conjugate antibody (1:100 dilution; Sigma) and a metal enhanced diaminobenzidine substrate (1:10 dilution; Pierce). All slides were counterstained with hematoxylin, dehydrated, and mounted using Permount (Fisher Scientific) before imaging.
Image Acquisition Images were captured using a fluorescence microscope (III RS; Zeiss) with a cooled monochrome charge-coupled device video camera (model 4922; Cohu), frame grabber (Scion), a custom-built motorized x-y stage, and customized NIH Image software 10 running on a G4 Macintosh computer (Apple).
Slides with tumor sections were imaged for Hoechst 33342 fluorescence using a 360 nm excitation and a 450 nm longpass emission filters, and the same slides were imaged for CD31-Alexa 546; these slides were finally imaged for BrdUrd and hematoxylin in a bright field. Acquired images were stacked and a composite color image of CD31/Hoechst 33342, EF-5, and BrdUrd were produced by adding the grayscale BrdUrd/tissue layer or, in some cases, pseudocolored with Adobe Photoshop according to tissue layer.
Image Analysis of Hoechst 33342, EF-5, CD31, and BrdUrd Staining
The NIH Image software application and algorithms were generously provided by Dr. Andrew Minchinton (BC Cancer Agency). Tumor tissue sections were analyzed in viable tissue areas identified based on hematoxylin staining. Staining artifacts were removed from analysis. Hoechst 33342 -positive regions were identified by selecting all pixels that were 12 SDs above the tissue background. For CD31 and BrdUrd images, positive staining was selected as pixels that were 5 or 2.5 SD above background levels, respectively. Threshold levels were kept constant for all analysis. CD31 + regions that were <5 Am 2 in size were considered artifacts and removed from the analysis. The fraction of perfused (functional) vessels was determined by comparing CD31 and Hoechst 33342 labeling of vasculature; CD31 + vessels were considered perfused if >2% of pixels of each CD31 + object were also Hoechst 33342 positive. This estimation of blood vessel function was dependent on the time point evaluated after Hoechst 33342 injection. The percentage of CD31 and BrdUrd was defined as the number of positive pixels over the total number of pixels in viable tissue. Note that for all analysis (except for EF-5 labeling where four tumors were evaluated for both control and treated groups) of CD31, BrdUrd, and Hoechst 33342 stained tumor sections were evaluated based on an n of at least 5 for treatment and control arms of the study.
Statistical Analysis
All of the statistical analyses were done using the Statistica program. Data analysis for multiple comparisons of treatment and control groups was done using the ANOVA Tukey test. Data were considered significant for P < 0.05.
Results

QLT0254 and QLT0267 Inhibit Growth of Selected
The values from the MTT assay were analyzed by the software program Calcusyn to determine the IC 50 s (Supplementary Table S1 ) 11 for the individual agents.
QLT0254 and QLT0267 Inhibit PKB/Akt Activity in Selected Glioblastoma Cells
Several studies have shown that using PTEN-transfected cells, cells expressing a dominant-negative ILK, an ILK antisense, or small interfering RNA targeting ILK, results in ILK inhibition that subsequently affects the phosphorylation and activation of PKB/Akt at Ser 473 , a well-known cell survival signaling protein (26 -28) . Therefore, we investigated if two small-molecule inhibitors from the K15792 class of the pharmacophor family (Fig. 1A) , QLT0254 and QLT0267, could decrease phosphorylation of PKB/Akt. The results are summarized in Fig. 1B and C. Glioblastoma SF-188 and U87MG cells exposed to QLT0267 showed loss of phospho-PKB/Akt at Ser 473 ( Fig. 1B and C, top) . Cells treated with QLT0254 ( Fig. 1B and C , bottom, respectively) exhibited partial loss of phospho-PKB/Akt at Ser 473 at 50 Amol/L. Similar results for both inhibitors were also seen in the glioblastoma U251MG cell line also (data not shown). Note that treatment with the QLT0254 and QLT0267 ILK inhibitors did not affect ILK protein expression. Total PKB/Akt was also unaffected by these inhibitors.
Effects of QLT0254 and QLT0267 on Cell Cycle Regulation in Selected Glioblastoma Cell Lines
To determine the effects of ILK inhibition on cell cycle distribution in U251MG, SF-188, and U87MG cells, the cells were treated with QLT0254 or QLT0267 at concentrations ranging from 0 to 50 Amol/L for a maximum of 24 h and analyzed within 12 to 24 h after treatment for DNA content with propidium iodide staining and flow cytometry. The results in Fig. 2 indicated that SF-188 cells treated with QLT0267 appear to have a significant buildup in the S phase of the cell cycle indicative of a cell cycle delay or block ( Fig. 2A, left) . Cells treated with QLT0254 (U87MG) or QLT0267 (U251MG) exhibited a strong, dose-dependent, G 2 -M block. PTEN-negative U251MG cells showed considerable G 2 -M block when treated with 20 or 50 Amol/L QLT0267 ( Fig. 2A, middle) . Similar effects were noticed when U251MG cells were treated with QLT0254 (data not shown). PTEN-negative U87MG cells were blocked in G 2 -M following treatment with QLT0254 at 20 or 50 Amol/L (Fig. 2A, right) . Similar results were observed for U87MG cells treated with QLT0267 (data not shown).
Induction of Apoptosis following Treatment with QLT0254 and QLT0267
To assess whether ILK inhibition by QLT0254 and QLT0267 could induce apoptosis, the activity of caspase-3 and/or -7 was assessed. The different cell lines were exposed to 5 or 20 Amol/L QLT0254 or QLT0267, drug concentrations that were typically less than the IC 50 (see Supplementary Table S1 ).
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Because cell cycle arrest was observed within 1 day following treatment with QLT0254 and QLT0267, apoptosis was assessed following longer incubation times (72 h with drug). Representative data for SF-188 and U251MG cell lines treated with QLT0267 and the U87MG cell line treated with QLT0254 are provided in Fig. 2B . Caspase activity significantly increased for SF-188 (Fig. 2B, far left) , U251MG (Fig. 2B, middle) , and U87MG (Fig. 2B, far right) following exposure to the ILK inhibitors. No significant changes in caspase activity compared with controls were observed for cells treated with PTE vehicle or when using the ILK inhibitors at 5 Amol/L (Fig. 2B) . These data suggest that QLT0254 and QLT0267 can induce caspase activation.
Apoptosis with QLT0254 and QLT0267 drug was also confirmed with DAPI staining. Numbers of fragmented and condensed nuclei (Fig. 2C, micrographs) , indicative of apoptosis, were recorded and expressed as a fold increase relative to untreated controls (Fig. 2C, bar graphs) . SF-188 (far left) and U251MG (middle) cells treated with QLT0267 and also U87MG cells (far right) treated with QLT0254 exhibited a significant increase in apoptotic cells shown by DAPI when compared with untreated and vehicle-treated controls.
Regulation of VEGF Secretion by ILK in U87.23 Glioblastoma Cells
It has been shown that VEGF in glioblastomas is regulated in a PI3K-dependent manner (29) .
To determine if ILK inhibition could inhibit VEGF secretion, we used PTEN-negative U87MG glioblastoma cells transfected with an ecdysone-inducible (30) wildtype PTEN retroviral construct (designated here as U87.23). The ecdysone-inducible expression system allows the expression of the PTEN gene in the presence of muristerone A. A concentration of 0.5 Amol/L muristerone A allows for the full expression of PTEN (Fig. 3, gel) . An ELISA assay was used to assess secreted VEGF levels in cells exposed to muristerone A or the ILK inhibitors and these data are summarized in Fig. 3 . Uninduced U87.23 glioblastoma cells (PTEN-negative) showed high secreted VEGF protein levels (Fig. 3, bar graph) . On induction of PTEN by exposure to 0.5 Amol/L muristerone A, secreted VEGF levels decreased 3-fold. Exposure of uninduced U87.23 glioblastoma cells to the ILK inhibitors QLT0254 or QLT0267 also resulted in significant decreases in secreted VEGF levels. As an additional positive control, exposure of U87.23 glioblastoma cells to LY294002, the inhibitor of PI3K, resulted in a similar decrease in VEGF secretion. 
Antitumor Efficacy of QLT0267 in U87MG Tumor Xenografts
Because QLT0267 has not been tested in an in vivo model of glioma, we decided to test the antitumor effects of this ILK inhibitor (QLT0267) in RAG2-M mice bearing s.c. xenografts derived following injection of PTEN-negative U87MG glioblastoma cells (Fig. 4) .
Mice were treated with either saline, QLT0267, or PTE vehicle; the drug was dosed orally at 200 mg/kg (see Materials and Methods) and PTE was administered at a volume and dose equivalent to that used in the formulated drug product. Treatment commenced 32 days after initial tumor injection when the tumor size was measurable. Mice that survived to day 18 post-treatment initiation were included in the study; mice within each group were removed from the study if they ulcerated or if tumor sizes were in excess 1 g before completion of the full treatment schedule. Saline-treated or PTE (vehicle) -treated animals exhibited tumors that grew reproducibly to an average size of 0.8 cm 3 within 18 days of treatment initiation. Treatment with vehicle alone did not cause any significant change in tumor growth rate when compared with the saline control. Comparing the saline-treated animals with the QLT0267-treated animals, the tumor size in the QLT0267-treated groups was significantly smaller. On day 16, for example, tumors from mice treated with QLT0267 were 213 mm 3 versus 549 mm 3 in control mice (difference, 336 mm 3 ; 95% CI, 304-794 mm 3 ; P < 0.001) post-treatment. Significant decreases in tumor volume were noted on day 18 for tumors in treated mice compared with controls (Fig. 4, insets) . Animals treated with QLT0267 exhibited a mean tumor volume of 292 mm 3 compared with tumors from control animals that were on average 770 mm 3 (difference, 478 mm 3 ; 95% CI, 624-916 mm 3 ; P < 0.001). These results suggested that QLT0267 was therapeutically active in vivo.
Further, the results clearly suggest that ILK inhibition with QLT0267 caused a delay in tumor growth in this model, which is also shown by individual mouse growth curves for inset graphs for PTE-treated (Fig. 4, top left) and QLT0267-treated (Fig. 4, top right) animals. None of the mice treated with QLT0267 displayed signs of toxicity in general; specifically, the 200 mg/kg dose given once a day resulted in less than 5% body weight loss.
ILK Inhibition by QLT0267 Results in Decreased Hypoxia, Suppression of VEGF and HIF-1A Expression, and Cell Proliferation
To investigate further biological effects of ILK inhibition, we focused our in vivo analyses on QLT0267, which we have shown to be therapeutically active (Fig. 4) . Serial tumor tissue sections were generated from PTEN-negative U87MG tumors from animals treated with either saline or QLT0267. Sections were imaged for Hoechst 33342 (as a perfusion marker) and stained with ELK3-51-CY3 antibody (anti-EF-5-CY3 used to stain for cells labeled with EF-5) and another serial section from the same tumor was imaged for Hoechst 33342 and stained for tumor vascular endothelial cells with anti-CD31 antibody. Representative photomicrographs are shown in Fig. 5A . Control tumors from salinetreated mice show substantial EF-5 labeling indicative of hypoxia in viable tissue of control tumors (Fig. 5A) . It is notable that EF-5 labeling was most frequently observed in regions that showed reduced Hoechst 33342 labeling (less perfused vasculature).
Tumors from QLT0267-treated animals showed reduced CD31 staining and reduced Hoechst 33342 vessel perfusion (primarily localized to the periphery of the section) compared with control tumors. An initial quantitative analysis of EF-5 staining appeared to show a decrease in hypoxia (Fig. 5A, histogram) ; therefore, an alternate approach using ILK antisense versus saline-treated U87MG xenograft tumors was used to verify the effects of ILK inhibition on hypoxia (see Materials and Methods). Harvested and disaggregated EF-5-labeled tumors were labeled with anti-EF-5-CY3 antibody and analyzed by fluorescence-activated cell sorting (Fig. 5B) . The level of hypoxia in saline-treated tumors was nearly double that of tumors treated with an ILK antisense, providing further evidence that ILK inhibition results in decreased hypoxia.
The in vitro results show that QLT0267 engenders a reduction in cell proliferation and lower VEGF expression; for this reason, these endpoints were also used to assess the activity of QLT0267 in vivo in U87MG xenografts. To verify that ILK inhibition affects VEGF protein production in vivo, an ELISA assay was used to assess VEGF levels in U87MG These data are consistent with in vitro data (Fig. 3) and clearly indicate that QLT0267 inhibits VEGF production in glioblastoma U87MG cells and tumors. We also confirm a decrease in VEGF protein levels in U87MG tumors derived from QLT0267-treated animals with Western blot analysis (Fig. 5C, gel) . Because it is known that ILK can control VEGF expression by stimulating HIF-1a through a PI3K-dependent activation of PKB/Akt (31, 32), we compared HIF-1a protein levels in lysates prepared from QLT0267-treated and control tumors by Western blotting. The results (Fig. 5C ) suggested that HIF-1a levels decreased in QLT0267-treated tumors.
Effects of QLT0267 Treatment on Vasculature of Glioblastoma U87MG Tumor Xenografts
Analysis of tumors from treated animals suggested that ILK inhibition was associated with decreases in hypoxia, VEGF levels, and HIF-1a expression (Fig. 5B and C) . Because VEGF and HIF-1a are known to stimulate angiogenesis (33), we focused our remaining analysis on establishing how QLT0267 affected tumor vascularization. Representative images of U87MG xenograft tumor sections isolated from animals treated with saline or QLT0267 and perfused in vivo with Hoechst 33342 (light blue) are shown in Fig. 6A (saline-treated) and Fig. 6B (QLT0267-treated) .
Details showing tumor vasculature either stained with anti-CD31 antibody alone (indicative of nonfunctional tumor vessels; red) or stained with anti-CD31 antibody and Hoechst 33342 (Hoechst 33342 perfusion indicates that 
CD31
+ vessels are functional; light blue-red/purple) are shown in the enlarged images in Fig. 6A and B. To measure and compare tumor cell proliferation in the tumors of animals treated with QLT0267 or saline, BrdUrd was used as a label (black dots). There is clearly more BrdUrd label in salinetreated tumors than in QLT0267-treated tumors (Fig. 6A and  B, enlarged images) . Quantitative analyses of all images are summarized in Fig. 6C and are described in Materials and Methods. BrdUrd analysis revealed a decrease in cell proliferation with QLT0267-treated tumors compared with saline-treated tumors (Fig. 6C, left) . CD31 + and CD31 + / Hoechst 33342 -positive pixels were quantitated in viable tumor tissue; the results indicated that vessel mass (% CD31 + pixels) was decreased following QLT0267 treatment compared with saline-treated control tumors (Fig. 6C, middle) . In addition, the proportion of CD31 + vessels that were Hoechst 33342 perfused was significantly lower in tumors from animals treated with QLT0267 when compared with salinetreated animals (Fig. 6C, right) .
Discussion
ILK inhibition has been evaluated as a treatment strategy in a number of animal models of cancers (19, 20, 34 -36) . It is apparent from these previous studies that ILK inhibition slows down the rate of tumor growth, but inhibition using the current generation of ILK inhibitors does not appear to affect a reduction in tumor size. It is important from a mechanistic perspective to gain a better understanding of how ILK inhibition inhibits tumor growth in vivo. In particular, ILK is a therapeutic target that if inhibited could cause (a) a reduction in tumor cell proliferation, (b) an induction of apoptosis, and/or (c) inhibition of VEGF secretion. The results summarized here suggest that QLT0267 exerts some activity on each of these independent endpoints.
Interestingly, the ILK inhibitors appeared to be more sensitive toward the PTEN-positive cell line. The presence BrdUrd-positive viable tumor tissue in saline-treated and QLT0267-treated tumors (mean F SE, n = 6). *, P < 0.01. Middle, percentage of CD31-stained viable tumor tissue in QLT0267-treated tumors compared with controls (mean F SE; n = 6). *, P < 0.028. Right, percentage of CD31 + pixels that are also positive for Hoechst 33342 in viable tumor tissue in QLT0267-treated tumors compared with saline-treated controls (mean F SE; n = 6). *, P < 0.01.
of PTEN in cells contributes to a lower baseline of ILK and Akt activity; therefore, it is reasonable that ILK inhibition would result in more pronounced effects in active PTENpositive cells. This can be seen in Fig. 1B with the PTENpositive SF-188 cells where phospho-Akt activity is knocked down at a concentration of 20 Amol/L. Our data show that QLT0254 and QLT0267 were therapeutically effective in vitro. In addition to growth inhibition, both of these ILK inhibitors suppressed expression of phospho-PKB/Akt at Ser 473 and lowered in vitro levels of VEGF produced by glioblastoma cells.
Similarly, other investigators also showed that in vitro treatment of glioma cells with QLT0267 blocked phosphorylation of Akt and its downstream targets and inhibited cell growth (20) . Our data also suggest that decreased VEGF secretion was mediated by the ILK inhibitors and this decrease was comparable with decreases associated with induction of PTEN. Further, we show that QLT0267 and QLT0254 induced a S-phase or G 2 -M block (cytostatic effects) and apoptotic cell death (cytotoxic effects). The difference in cell cycle profiles, we believe, was due to differences in PTEN status. S-phase block occurred in PTEN-positive cells and translated to cell cycle arrest that was not followed by a large increase in cell death with longer exposure of drug treatment compared with PTEN-negative cell lines where G 2 -M block and cell death could be seen with longer drug exposure.
To characterize the in vivo mechanism of action for the ILK inhibitor QLT0267, we focused on several therapeutically interesting endpoints. Through this analysis, we determined that ILK inhibition by QLT0267 is associated with a considerable decrease in tumor cell proliferation, inhibition of VEGF and HIF-1a, and a decreased percentage of CD31 staining in viable tumor tissue, indicative of a decline in microvessel mass, accompanied by a decrease in Hoechst 33342 perfused functional microvessels. Based on these data, we believe that QLT0267 acts as an antiproliferative, antiangiogenic, and antivascular agent in vivo.
Our results agree with the published study of Younes et al. who similarly found inhibition of the tumor vasculature in anaplastic thyroid cancer after treatment of xenografts with QLT0267 (19) .
Our study highlights the benefit of using a targeted agent that inhibits a kinase within a central pathway known to affect cell survival, cell proliferation, and angiogenesis. We believe that analyzing multiple therapeutic endpoints, such as cell proliferation and apoptosis together with molecular alterations in survival and angiogenic pathways in addition to analysis of treatment-associated changes in the tumor microenvironment such as tumor vascularization and perhaps hypoxia, will improve the veracity of therapeutic approaches based on rational drug targets and will be especially helpful in designing effective combination treatments. Whether the anticancer properties of QLT0267 shown in this preclinical study will translate into clinically meaningful effects in patients can only be determined in the clinical setting.
